Abstract: Investigation of protein-ligand interactions is crucial during early drug-discovery processes.A TR-FTIR spectroscopycan detect label-free protein-ligand interactions with high spatiotemporal resolution. Here we immobilized,a sanexample,t he heat shock protein HSP90 on an ATRc rystal. This protein is an important molecular target for drugs against several diseases including cancer.With our novel approach we investigated al igand-induced secondary structural change. Tw os pecific binding modes of 19 drug-like compounds were analyzed.D ifferent binding modes can lead to different efficacy and specificity of different drugs.I na ddition, the k obs values of ligand dissociation were obtained. The results were validated by X-rayc rystallography for the structural change and by SPR experiments for the dissociation kinetics,b ut our method yields all data in as ingle and simple experiment.
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The detailed understanding of ligand-induced conformational changes at high spatiotemporal resolution within ap rotein is of fundamental interest. [1, 2] As the established biophysical methods that provide such information (X-ray crystallography,N MR spectroscopy) are very time and material consuming,new biophysical techniques are emerging which aim for af aster delivery of information on conformational changes. [3] However,a ll of these techniques deliver either indirect information about conformational changes related to changes in the hydrodynamic diameter (surface acoustic waves, [4] electroswitchable DNAc hip [5] )o rd epend on labeling the protein in the correct position (second harmonic generation [6] ). Infrared (IR) spectroscopy,however, provides specific information on conformational changes in al abel-free and time-resolved manner by utilizing the sensitivity of the absorption frequency of protein amide I bands towards the secondary structure. [7] This correlation between the IR spectrum and protein structure enables direct molecular interpretation of the spectra and thereby allows different types of ligand-induced conformational changes to be dissected. As attenuated total reflection (ATR) IR spectroscopy features as urface-based detection principle,i t permits the use of flow-through systems and, therefore,offers the possibility to investigate reversible ligand-protein interactions. [8] In particular, multiple reflection ATRm easurements performed on thin films of proteins immobilized on germanium IREs allow for ab road spectral region to be analyzed (4000-900 cm À1 )aswell as asignal-to-noise ratio high enough for detecting reversible ligand interactions.R ecently,w e established ar obust method to specifically immobilize histagged and lipidated proteins on germanium IREs through binding to solid-supported lipid bilayers [9, 10] and to nitrilotriacetic acid (NTA) groups attached to planar surfaces as well as to dextran brushes based on self-assembled monolayers (SAMs) of silanes or thiols. [11] [12] [13] [14] This recent breakthrough allowed us to use ATR-FTIR spectroscopy as aflow-throughbased sensor of conformational change to examine the conformational effects of binding resorcinol scaffold inhibitors to the molecular chaperone heat-shock protein 90 (HSP90). HSP90 consists of three domains and works as adimer in promoting the correct folding of other proteins. [15] TheN -terminal domain (HSP90 NTD,2 5kDa), which was analyzed in this study and will subsequently be referred to as HSP90, comprises an ATPbinding pocket located between ahelix 2, a-helix 3, and the central b-sheet ( Figure 1A ). As HSP90 is at arget for cancer treatment, several HSP90 inhibitors that affect this binding pocket are currently being evaluated in clinical trials. [16] In the course of the drugdiscovery process,c ertain inhibitors were found to stabilize the formation of at ransient subpocket, thereby resulting in aloop-to-helix transition in a-helix 3. [17, 18] This ligand-induced conformational change can be seen as at ypical effect when exploring additional interactions next to established ligandbinding pockets,w hich is often driven to increase the specificity of drug effects by an increase in selectivity. [19] To explore this inhibitor-induced conformational change we performed ATR-FTIR measurements of at otal of 19 resorcinol inhibitors with two kinds of scaffolds,t riazolones and pyrazoles,each with two different substituents R 1 and R 2 ( Table 1) . Forsix of the thirteen triazolones and for two of the six pyrazoles,X -ray cocrystal structures exist that show the respective effects of loop versus helix stabilization on the HPS90 binding pocket. Based on this data, the compounds can be subdivided into two groups:l oop binders and helix binders ( Figure 1B ). Thek inetic data from surface plasmon resonance (SPR) measurements together with the structural data were used for validation of our IR-based sensor of conformational change. Thec ompound interaction experiments were conducted after modification of the germanium IRE surface in several steps to yield the protein-capturing NTAl ayer followed by subsequent immobilization of HSP90 on this layer (as described previously, [12] see Figure S1 and experimental procedures for details). Thetime series of obtained difference spectra were analyzed using the multivariate curve resolution alternating least square (MCR-ALS) method [20] to extract the spectra corresponding to the ligand-induced conformational change and their respective kinetics (see Figure S5 and experimental procedures for details). This type of difference spectrum is the sum of the spectrum of the change in the secondary structure of the protein and the intrinsic absorbance of the compound, and is further referred to as the compound interaction spectrum.
We first compared the binding effects of compounds (cmpd) 1a nd 14 on HSP90 because of their common triazolone scaffold, with as ingle variation in the R 1 group, but different binding modes.F rom the observation of the cocrystal structures of HSP90 in complex with compounds 1a nd 14, they are classified as loop and helix binders, respectively. Figure 1C shows the compound interaction spectra of cmpds 1a nd 14, which represent the difference in the absorbance spectra of the HSP90 APO spectrum and the spectrum of HSP90 bound to the respective compounds (HSP90 cmpdÀHSP90 APO). Both compound interaction spectra show positive and negative bands in the conformationally relevant amide I( 1700-1600 cm À1 )a nd amide II regions (1600-1500 cm ,whereas the spectrum for cmpd 1does A) The NTD of HSP90 APO (1YER) is shown schematically.T he secondary structure assignment was achieved with the STRIDE algorithm [22] and the different structures were colored accordingtothe following schema: b-sheet (yellow), random coil (blue), a-helices (red), 3 10 -helix (magenta), and turn (cyan). The position of the ligand binding pocket is illustrated by addition of the loop binder cmpd 1( gray spheres). B) Only helix 3of the HSP90 APO structure (1YER) and the cocrystal structures of HSP90 in complex with cmpd 14 (PDB ID 5J27) and cmpd 1( PDB ID 5J64) are shown. The binding of cmpd 14 leads to asecondary structure change in helix 3, turning the helix-loop-helix motif into acontinuoushelix conformation. In contrast, the binding of cmpd 1 does not significantly change the secondary structure. C) Compound interactions pectra of cmpds 14 and 1represent the absorbance differences pectra of the immobilized HSP90 with and without the respective compounds and are therefore the sum of the HSP conformational change spectra and the compound absorbances pectra. The frequency of the positive band at 1660-1650 cm À1 in the interaction spectrum with cmpd 14 is characteristic for helix secondary structures and can thereby be assigned to the completed helix 3. 
not. Thes pectral region of 1665-1650 cm
À1 is characteristic for the amide Ia bsorption of helical secondary structures, such as a-helices and 3 10 -helices. [21] Additionally,the positive band at 1550 cm À1 ,which represents the amide II absorbance of a-helices, [21] is present only in the compound interaction spectrum of cmpd 14 and not in that of cmpd 1. This indicates that cmpd 14 induces the formation of an a-helix, af inding that is in accordance with structural data ( Figures 1B,S 1) . Interestingly,t he helix band present in the spectrum of cmpd 14 consists of two sub-bands at 1660 and 1651 cm À1 , which suggests the formation of two distinct helical structures. Ar eason for this might be the bend in the newly formed helical part ( Figure 1B )o rt he dynamic interconversion between several different helix conformations (see Figure S7 for details).
Thecompound interaction spectra of cmpds 1and 14 have negative bands of similar intensity at 1677 cm À1 ,t he characteristic absorbance frequency for turn secondary structures. As negative absorbance bands stand for al oss of the absorbing species in difference to the previous (= APO) state,this means that the number of turn structure residues is lowered by compound binding.F or cmpd 14, one can deduce that the increase in the helical content is accompanied by adecrease in turn structure.This conformational change from turn to a-helix is supported by the differences in the secondary structure assignments extracted from the X-ray data of HSP90 APO and the cocrystal structure of HSP90 in complex with cmpd 14 ( Figure S4 ).
Thep osition of the band around 1710 cm À1 is slightly different for cmpd 14 (1712 cm À1 )a nd cmpd 1( 1707 cm À1 ). Theo rigin of this band is the carbonyl vibration of the triazolone group,a sc learly demonstrated by comparing the interaction spectra of all the examined pyrazole and triazolone compounds ( Figure S7 ).
Thei nteraction spectrum of cmpd 14 shows an egative band at 1625 cm À1 which can be assigned to al oss of b-sheet secondary structure ( Figure 1C ). Although this finding is not supported by X-ray data (see Figure S4 ), probably because of al ack of dynamic information, it was found in MD simulations that the binding of cmpd 14 presumably leads to ad estabilization of the first strand of the central b-sheet (residues 17-21). [23] As econd explanation might be ac ompound-induced perturbation of the backbone of D93 located in the middle of the b-sheet, which was seen in NMR experiments. [24] This negative b-sheet band also exists in the interaction spectrum of cmpd 1b ut, with about one-third of the respective absorbance,ism uch less intense.
These spectral observations fit well to the secondary structure assignments extracted from X-ray data and clearly show that flow-through-based ATR-FTIR spectroscopy can be applied for detecting conformational changes.
To further validate the predictive power of ATR-FTIR for the detection of conformational changes,w ep erformed compound interaction measurements on three loop-binder (cmpds 1, 4, and 6) and five helix-binder (cmpds 7, 10, 14, 15, and 19) compounds (Table 1) , as assigned by X-ray structural analysis (see Ref. [23] and this work). Thec ompound interaction spectra of all eight compounds are shown in Figure S6 (black spectra).
Theh elix-binder interaction spectra share as imilar pattern of apositive band in the helix region of the amide Iband at 1662-1652 cm À1 and asmaller but significant positive band in the a-helix region of the amide II region at 1550 cm
À1
( Figures 1C and S6 ). These helix bands do not exist in any of the loop-binder interaction spectra. Then egative b-sheet band at 1624 cm À1 and the negative turn band at 1677 cm À1 which were discussed above are also present in all the helixbinder interaction spectra, their intensities,however,vary.An additional positive band at 1637 cm À1 and anegative band at 1642 cm À1 can be assigned to further minor changes in random coil and b-sheet secondary structures.
Thei ntensity of the bands in the amide Ir egion are different for the various helix binders.T his is mainly caused by changes in the OH bending band of water, which leads to broad signal offsets (compare Figure S10) . Theshape of the ahelix double band varies in the interaction spectra of the different helix binders,w hich might be due to av arying degree of helix stabilization (see Figure S7 for details).
To assign acertain compound to the helix-or loop-binder group based on the compound interaction spectra, we used the integral of the spectral region from 1677 to 1642 cm À1 as amarker ( Figure S6 ). These limits were chosen because they mark the nearest minima next to the helix bands in the 1660-1650 cm À1 region, thus ensuring complete capture of apotential amide Ih elix band. Figure 2s hows ab ar chart of the obtained helix signal area values.F or all the X-ray-validated helix binders (cmpds 7, 10, 14, 15, and 19) this integration leads to large helix area values between 0.04 and 0.084, whereas the X-ray-validated loop binders (cmpds 1, 4, and 6) show at least eight times smaller helix area values below 0.005 ( Figure 2 ). By using ac utoff value of 0.02, which is approx- Figure 2 . Identifying the conformational activity of inhibitors by analysis of amide Idifferencebands. Helix signal area values were extracted from the compound interaction spectra of helix binders by integration of the helix signal region as shown in Figure S6 . The compounds are grouped according to secondary structure information known from Xray data of cocrystals of HSP90-inhibitor complexes (gray boxes, Figure S4 ). The agreement of the helix signal area values with the secondary structure information of HSP90-inhibitor complexesclearly validates the approach. By using acutoff of 0.02, ap rediction of the inhibitor type (helix or loop binder) for inhibitors with an unknown binding mode (shaded boxes) can be made without prior knowledge. The scaffold similaritiesamong the compounds (Table 1) indicate that the predictionsa re correct.
imately the middle of the maximum loop-binder and minimum helix-binder signals,wewere able to correctly assign all eight X-ray-validated compounds to their respective groups.
In the next step,weassigned 11 further compounds based on the intensity of the helix band. Fort hese compounds,n o structural data were available.The corresponding spectra are shown in gray ( Figure S6 ). Based on the chosen cutoff value, cmpds 2, 3, and 5are loop binders,while cmpds 8, 9, 11, 12, 13, 16, 17, and 18 are helix binders (Figure 2) . Indeed, cmpds 2, 3, and 5h ave only as ingle atom as R 1 ,a sfound for all X-rayvalidated loop binders.O nt he other, all the newly assigned helix binders have al arger substituent as R 1 ,t he same as all the X-ray-validated helix binders.T his scaffold similarity further demonstrates that our ATR-FTIR approach can easily determine the binding mode based on small but distinct conformational differences.
Besides signals based on conformational changes,t he compound interaction spectra also contain intrinsic absorption bands of the compounds.T hese bands report on local conditions in the binding pocket, for example,t he involvement of structured water molecules, [25] and can thereby help in the characterization of the compound binding mode.F rom ac omparison of all the compound interaction spectra we found that the band near 1710 cm À1 can be clearly attributed to the triazolone carbonyl vibration (see Figure S7 ). This argument is supported by additional DFT calculations and normal mode analysis,w hich was utilized for computing the absorbance frequencies of compounds in water. Theposition of the triazolone band varies between 1715 and 1695 cm À1 ,but is independent of the helix-or loop-binder grouping.T he variable position together with the remarkable bandwidth of the triazolone C=Ob and (FWHH of ca. 30 cm À1 )i ndicate abroad variation in the H-bonding geometries of the carbonyl oxygen atom. Theshift in the absorption of cmpd 1f rom 1702 to 1710 cm À1 upon binding (compare Figure 1C and S2B), indicates weaker hydrogen bonding with bound cmpd 1 compared to cmpd 1inwater. In fact, the triazolone carbonyl group points out of the binding pocket and is hydrogen bonded to K58 and water molecules located in aw ater network between the presumably dynamic a-helix 3a nd ahelix 2o nt op of the binding pocket ( Figure S3 ). Am ore detailed analysis,i ncluding DFT calculations of the ligand, was performed for cmpds 9a nd 10 and further signals were assigned ( Figure S8 ). Thee xcellent agreement of the theoretical and experimental frequency differences of the chlorophenyl versus fluorophenyl substitution in R 2 demonstrates the detail of information included in the compound interaction spectra.
As we performed the measurements in as urface-based flow-through setup,w ew ere able to resolve the compoundinduced conformational effects in at ime-resolved manner. MCR-ALS analysis of the time series of infrared difference spectra resulted in the compound interaction spectra containing the conformational change information (as analyzed above) and ac oncentration profile containing kinetic information about the compound-protein interactions (see Figure S5) . Thec oncentration profiles of all the helix-binder experiments were fitted with as egmented fit describing the three experimental phases:prewash, compound addition, and wash phase (see the Supporting Information for details). The observed signal decay rate k obs was obtained from am onoexponential fit of the wash phase.T his observed decay rate k obs is coupled to the k off rate,b ut can differ when there are mass-transfer effects.F igure 3A shows the concentration profiles of three helix binders (cmpds 8, 14, and 18) that exhibit fast, medium, and slow signal decays (relative to the time resolution of the experiments), respectively,t ogether with their corresponding fits.T he observed rate constants of the signal decay (k obs )for these compounds were (1.7 AE 0.4) 10 À4 s À1 for cmpd 8, (8.1 AE 1.1) 10 À5 s À1 for cmpd 14, and (7.9 AE 2.0) 10 À5 s À1 for cmpd 18. To evaluate the potential of our infrared-based flow-through sensor to systematically deliver kinetic information we analyzed the data of all the helix binders in the same way as described above.T he obtained k obs values were compared with reference k off values obtained from surface plasmon resonance (SPR) spectroscopic measurements (see the Supporting Information and Ref. [23] ). Figure 3B shows as catter plot of the reciprocal values of k obs (ATR) and the reciprocal dissociation rate constants k off (SPR) together with their respective uncertainty and alinear fit of the data. With acorrelation coefficient R 2 of 0.948, the 1/k obs (ATR) values strongly correlate with the 1/k off (SPR) reference values.
We found that the uncertainties in the k obs (ATR) values are low for helix binders in the mid-range of the analyzed kinetics.I nt he case of faster binders,t he higher uncertainty values are caused by the low time resolution (20 sp er spectrum) which was chosen to obtain spectra with sufficient signal to noise ratios.H igher uncertainty values for slow binders result from the wash time limit of 1h,which leads to incomplete signal decays and hence non-optimal exponential fits.I tw as found that the reciprocal observed rate constants 1/k obs (ATR) representing the dissociation kinetics are 12 times lower than the SPR-derived reference values.T his is due to mass-transfer limitations caused by the large sensor surface [26] of approximately 300 mm 2 as well as the high protein surface loading, both of which are necessary to gain the required signal-to-noise level in the ATR-approach. The very strong linear correlation of k obs values from ATRw ith the k off values from SPR experiments demonstrate that our approach is well-suited for the systematic investigation of ligand dissociation kinetics.
In conclusion, we have applied ATR-FTIR spectroscopy to analyze the conformational effects of 19 resorcinol scaffold inhibitors with two distinct conformational binding modes (helix and loop binder) on HSP90. Ar emarkable set of reference data consisting of eight X-ray structures and ac omplete set of SPR kinetic data (both partly taken from Ref. [23] and partly generated for this study) was used for comparison to allow ar obust validation of this novel methodological approach. Thec onformational effects of the analyzed inhibitors were determined correctly for all compounds with existing X-ray data. Furthermore,t he binding modes of 11 additional inhibitors were determined for the first time.T he kinetic values k obs showed strong correlation with k off values from SPR experiments.M oreover,t his method provides ad eeper understanding of the properties of the binding pocket by enabling ad etailed analysis of the characteristics of the compound absorbance bands.Our work demonstrates the first systematic application of an infraredspectroscopy-based flow-through sensor for the label-free and time-resolved detection of ligand-induced conformational changes.
Thed ynamic,c onformational, and chemical information provided by this method will help to improve the understanding of the mechanisms involved in protein-ligand interactions,e specially the parameters determining the k off values.Particularly when scaled up in an automated screening platform, our method could be used to identify new drug candidates in the early drug-discovery process.
Experimental Section
TheX-ray cocrystalstructures of cmpds 4and 7were preparedas described previously [23] for the other compounds (cmpds 1, 6, 10, 14, 15, and 19) . SPR experiments on cmpds 4, 5, 7, and 8were conducted as described previously [23] for the other compounds (cmpds 1-3, 6, and 9-19). Ford etails and further experimentali nformation see the Supporting Information.
